Image-guided tumor ablation for early stage hepatocellular carcinoma (HCC) is an accepted non-surgical treatment that provides excellent local tumor control and favorable survival benefit. This review summarizes the recent advances in tumor ablation for HCC. Diagnostic imaging and molecular biology of HCC has recently undergone marked improvements. Second-generation ultrasonography (US) contrast agents, new computed tomography (CT) techniques, and liver-specific contrast agents for magnetic resonance imaging (MRI) have enabled the early detection of smaller and inconspicuous HCC lesions. Various imaging-guidance tools that incorporate imaging-fusion between real-time US and CT/MRI, that are now common for percutaneous tumor ablation, have increased operator confidence in the accurate targeting of technically difficult tumors. In addition to radiofrequency ablation (RFA), various therapeutic modalities including microwave ablation, irreversible electroporation, and high-intensity focused ultrasound ablation have attracted attention as alternative energy sources for effective locoregional treatment of HCC. In addition, combined treatment with RFA and chemoembolization or molecular agents may be able to overcome the limitation of advanced or large tumors. Finally, understanding of the biological mechanisms and advances in therapy associated with tumor ablation will be important for successful tumor control. All these advances in tumor ablation for HCC will result in significant improvement in the prognosis of HCC patients. In this review, we primarily focus on recent advances in molecular tumor biology, diagnosis, imaging-guidance tools, and therapeutic modalities, and refer to the current status and future perspectives for tumor ablation for HCC.
Introduction
Hepatocellular carcinoma (HCC) is a major health problem worldwide. It is the sixth most common cancer and the third most common cause of cancer-related death [1] . In addition, HCC is the leading cause of death among patients with liver cirrhosis [2] . Its age-adjusted worldwide incidence has been estimated at 16 cases per 100,000 people [3] .
For the treatment of HCC, minimally invasive locoregional therapies include radiofrequency ablation (RFA), ethanol injection, microwave ablation, cryoablation, irreversible electroporation (IRE), and high-intensity focused ultrasound (HIFU) ablation. Among these approaches, RFA is now accepted as a curative treatment for very early or early-stage HCC in several international HCC treatment guidelines [4] [5] [6] [7] . In the instance of a patient with a small HCC measuring less than 2 cm in diameter, who is not a potential candidate for liver transplantation, RFA may serve as a first-line therapy alternative to resection, according to the recent Barcelona Clinic Liver Cancer treatment strategy [4] . Furthermore, the advantages of these tumor ablation techniques over invasive surgical resection includes a shorter hospital stay and reduced overall costs, increased preservation of surrounding hepatic tissues, decreased morbidity, and applicability for patients with advanced HCC who are not candidates for surgical resection [8] . Thus, an interventional oncologist should know the current status including recent advances and future challenges in the field of image-guided tumor ablation.
The aims of this review are to summarize the recent advances in ablative therapy for HCC, to discuss the biological mechanism of the ablation-related immune reaction, and to summarize the technical improvements in diagnosis, imaging-guidance tools, and treatment modalities ( fig. 1 ). 
Microwave Ablation
Microwave ablation uses electromagnetic (EM) waves to generate heat to thereby kill the tumor by direct hyperthermic injury, similar to the outcome of RFA. However, the induction of proinflammatory cytokines including interleukin-1 and interleukin-6 by microwave ablation is minimal compared with that induced by RFA and cryoablation in an animal model [13] . In humans, there is a significant inverse correlation between survival outcome and the extent of immune cell infiltration in patients treated with microwave ablation for HCC [14] .
Cryoablation
In contrast to thermal energy-based ablative therapy, cryoablation induces cytotoxicity based on the Joule-Thomson theory. Low temperatures between −20°C and −40°C are produced within the tumor. There are four mechanisms that lead to cryoablative injury of tumors, which include 1) direct cell injury by cellular dehydration, 2) vascular injury and ischemia induced by endothelial damage to the microvasculature, 3) apoptosis incited by sublethal temperatures, and 4) immunomodulation [15] . Compared with RFA and lazer ablation, cryoablation is most affected by postablative immunogenicity. Some possible explanations suggest that thermal energy-based ablation induces protein denaturation, which in turn may leads to reduced quantities of anti-tumor antigens, and that heat-mediated coagulation of the tissues may prevent egress of intracellular products into the systemic circulation [16] . This unique enhanced anti-tumor immunogenicity produces cryoshock, which is only observed after cryoablation of hepatocytes. Although the rate of this major complication is very rare (up to 1%), it produces a serious systemic inflammatory response syndrome by proinflammatory mediators derived from Kupffer cells [17] .
Advances in the Diagnosis of HCC
Technical advances in the diagnostic imaging of HCC during the recent decade include dynamic contrast-enhanced ultrasonography (DCEUS), new computed tomography (CT) techniques, and magnetic resonance imaging (MRI) with liver specific contrast agents. These imaging modalities can provide more accurate imaging information, even for tumor nodules smaller than 1 cm in diameter. The smaller tumors that can be detected are more challenging for the interventional oncologist in accurate targeting during ablation.
Dynamic Contrast-enhanced US
Levovist ® (Schering, Berlin, Germany) is a first-generation contrast material used for US [18] . The contrast effect of this agent is based on microbubble-mediated destruction that results from external US exposure with a high mechanical index. DCEUS has been used mainly for the US characterization of hepatic tumors [19] . Various second-generation contrast agents are now available and include microbubbles containing sulfur hexafluoride (SonoVue ® ; BraccoSpA, Milan, Italy), perflutren protein (Optison ® ; GE Healthcare, Buckinghamshire, United Kingdom), or perfluorocarbon (Sonazoid ® ; GE Healthcare, New York City, NY, USA) [20] . All are constructed of a hard encapsulating shell of microbubbles, which provide better detail in the harmonic signals during DCEUS. Among these, Sonazoid ® can be taken up by hepatic Kupffer cells, allowing postvascular phase imaging for the detection of HCC beginning 10 minutes after an intravenous injection. Double-contrast US using Sonazoid ® (Kupffer and subsequent arterial phase by reinjection) improves the efficiency of HCC screening in 
high-risk patients [21] (fig. 2).
The approach is one of the diagnostic tools for HCC included in the recent consensus-based guidelines established by the Japan Society of Hepatology [22] .
New CT Techniques
To acquire optimal arterial phase imaging with high spatial resolution is important for detection of small HCCs in patients with cirrhosis. The most important mechanism for the detection of a HCC on CT is by utilizing the property of altered intrinsic vascularity of the tissue, because many HCCs are more vascular than native liver parenchyma, the former which are supplied by tumor-feeding arteries. Therefore, to improve the sensitivity of CT for detecting HCCs, it is necessary to detect a small amount of iodinated contrast medium in the tumor tissue [23] .
Recently, low-tube-voltage CT imaging (such as 80-kVp) has been introduced for increasing the photoelectric effect, thereby providing a high contrast to noise ratio for the identification of HCCs [24] . New noise reduction techniques including an adaptive statistical iterative reconstruction algorithm can be compensated for by increasing the overall noise level when utilizing low-tube-voltage CT imaging [25] . In addition, dual-energy CT can make virtual noncontrast images and iodine map images, which are synthesized from dual-energy data sets. It may improve the evaluation of the therapeutic response of transarterial chemoembolization (TACE) in patients with HCC and thereby lead to lower radiation doses by the replacement of a precontrast CT scan [26] .
MRI With Liver-Specific Contrast Agents
Unlike previous gadolinium (Gd) chelate contrast agents for MRI, that are excreted mainly by the kidneys, gadobenate dimeglumine (Gd-BOPTA, MultiHance ® ; Bracco Diagnostics, Milan, Italy) and gadoxetate disodium (Gd-EOB-DTPA; available as Primovist ® in Europe and Eovist ® in the US through Bayer Healthcare Pharmaceuticals) are eliminated via the hepatobiliary system as hepatocyte-specific contrast agents [27] . They have dual action in dynamic MRI, allowing the evaluation of the hepatobilliary phase (i.e., the transitional phase) as well as the hemodynamics of the tumor on the arterial and portal venous phase, similar to conventional extracellular contrast agents. The enhancement of hepatic lesions during the arterial and portal phases depends on organic anionic transporting polypeptides (OATP) and multidrug resistance associated protein (MRP) expression. In most HCCs, the expression of OATP1B1/B3 is markedly decreased. When the expression of OATP1B1/B3 is maintained in some HCCs, the expression of MRP2 can be high [28] . These cellular mechanisms produce hypointense HCCs compared to the surrounding liver in the hepatobiliary phase [29] . However, 5%-10% of HCCs are iso-or hyperintense relative to the liver [30] and display less aggressiveness in terms of time to tumor recurrence after surgical resection compared to hypointense hepatobiliary phase HCCs [31] .
Concerning the diagnostic performance of Gd-EOB-DTPA, a recent study reported a sensitivity of 91%-93% of contrast-enhanced MR with diffusion-weighted imaging for small HCCs (diameter <2 cm) [32] . With respect to the diagnosis of subcentimeter HCCs (diameter <1 cm), diagnostic Gd-EOB-DTPA MRI can be improved by adding hypointensity on the hepatobiliary phase images as 'washout' [33] . In a comparison with 64-slice multidetector CT, contrast-enhanced 3.0 Tesla MRI showed a better diagnostic performance for the detection of HCCs with diameters ≤2 cm in patients with chronic liver disease [34] .
Advances in Imaging-Guiding Modalities and Assistive Technique for RFA
The accurate placement of an electrode or applicator at the planned site is essential to achieve complete tumor control with assistance of imaging guidance and assistive technique. For smaller tumors that are currently detected using the novel CT/MRI/US modalities, accurate imaging guidance is deemed more important.
Fusing Imaging System For Intervention
Recent technical advances of imaging fusion have enabled the overlay or side-by-side display of real-time US images combined with the established fusion of CT/MRI-acquired images during an interventional procedure [35] . Briefly, the magnetic field generator induces currents in the position sensor, which is mounted in the US transducer. When the US transducer moves, the change in the magnitude of the electrical current in the position sensor is converted into information concerning the transducer location in the US machine.
Applying this technique to tumor ablation enhances the identification of target lesions and the feasibility of the intervention [36, 37] . In addition, fusion imaging is more useful for RFA in patients with small HCCs because the detectability of HCCs in planning US for RFA depends on the index tumor size [38] . Fusion imaging with conventional US and liver CT/ MRI-acquired images for percutaneous RFA can reduce the chance of mistargeting and it can increase the lesion detectability of small (diameter <2 cm) HCCs [39] . Furthermore, fusion imaging combining conventional US and hepatobiliary phase Gd-EOB-DTPA enhanced MRI is more sensitive than conventional or DCEUS in detecting small or atypical HCCs [40] . However, despite the use of fusion imaging during RFA, mistargeting can occur in patients with a small subcapsular tumor due to liver deformation during breathing [41] .
EM Tracking Under US Guidance
To date, three types of EM tracking guiding systems are available for imaging-guided tumor ablation for hepatic lesions under US guidance. A coaxial system using an EM-guiding trocar can target index tumors in the liver by the step-wise insertion of the trocar into the mass, removal of a stylet having a position sensor after proper placement, and insertion of a radiofrequency electrode through the trocar [42] . In the second system, installation of a detachable EM-position sensor at the base of a radiofrequency electrode can provide an expected pathway of the electrode during targeting [43] . Thirdly, a disposable EM-position sensor can be embedded in the distal tip of the radiofrequency electrode. A recent study using a custome-made agar phantom reported that an electrode housing an embedded EMposition sensor resulted in a shorter electrode placement time and a lower electrode pullback rate for repositioning compared with the conventional electrode in both the "in-plane" and "out-of-plane" approaches [44] .
Wider use of these EM tracking systems will allow for faster electrode placement into the target lesions than the conventional method, regardless of operator experience or the type of approach [44] [45] [46] . In addition, it will reduce the bleeding complications associated with intrahepatic vessel damage resulting from the repeated insertion of a needle and frequent changes in the needle passage during the procedure [47] .
Contrast-enhanced US
Like fusion imaging, contrast-enhanced US increases RFA performance in terms of localization and targeting of a tumor. For example, Sonazoid ® provides a postvascular phase, which lowers the HCC echogenic defect in the background of well-enhanced normal hepatic parenchyma [48] . This process enhances the contrast between a lesion and the liver for poorly visible tumors using conventional B-mode US. Over 80% of the tumors that remain inconspicuous even with the use of fusion imaging for RFA, can be visualized after Sonazoid ® injection [49] . In addition, this approach enables the effective assessment of the early therapeutic response of HCC after RFA [50] .
Artificial Material Infusion
A recent meta-analysis demonstrated that the percutaneous approach is the most frequently option used for RFA of hepatic tumors owing to its ease of accessibility and the use of various guiding modalities, such as fluoroscopy, US, CT, and MRI [51] . However, unintended collateral thermal injury during thermal energy-based ablation (when performing a percutaneous procedure) may be inevitable when the index tumor is located close to heat-vulnerable perihepatic structures like the abdominal wall or the diaphragm, gallbladder, or gastrointestinal tract [52] . In addition, hepatic dome lesions can complicate the optimal placement of an electrode. To avoid these problems, artificial material can be percutaneously infused into the peritoneal space to separate the liver from heat-vulnerable structures and to enhance the sonic window. Current popular artificial materials include 0.9% saline, 5% dextrose in water solution [53] , thermo-reversible poloxamer [54] , and hyaluronic acid gel [55] . However, abdominal adhesion associated with previous hepatic resection can be an obstacle for effective separation between the target tumor and perihepatic structures [56] .
Advances in Therapeutic Modalities for Tumor Ablation

RFA
In clinical practice, it was often difficult in the early use of RFA to achieve a sufficient ablative margin for HCCs exceeding 3 cm in diameter [57] . However, a sufficient ablative margin is important in preventing local tumor progression after treatment because microsatellite nodules are more frequently identified in large HCCs compared with small HCCs [58] . Several electrodes with high-power generation have been developed to maximize the ablative performance of RFA; these include perfused [59] , clustered, expandable, multi-tined, multipolar [60] , monopolar with a multiple-electrode switching system [61] , and a multiple switching system [62] . A recent prospective study using a monopolar, multiple-electrode switching system demonstrated excellent local tumor control after RFA for patients with small-and medium-sized HCCs, with a 3-year local tumor progression rate of only 11% [61] .
Other Ablation Modalities
A third-generation microwave ablation system incorporating antenna cooling and highpower generation is now commercially available. It can rapidly create larger ablation zones compared with the RFA system. However, many antennae designs feature an elongated ablation zone of up to 6 cm in the longest axis that may increase the risk of burning of the abdominal wall and unintended areas. The recent development of a new antenna for more rounded and forward-weighted heating has enabled the treatment of smaller tumors [63] . In cryoablation, smaller cryoprobe diameters are associated with a lower cooling capacity, which has necessitated cryoprobes having large bore sizes. Now, an effective and thinner cryoprobe (17-gauge) is available in a nitrogen-based device. This system does not need large high-pressure gas tanks.
US-guided HIFU treatment for patients with hepatic metastasis offers effective local tumor control with minimal adverse effects [64] . MR-guided HIFU for liver lesions is still at an early stage due to the limited therapeutic window caused by the thoracic cage and respiratory motion. However, development of motion gating for MR-guided HIFU is being pursued [65] . In addition, oncolytic virus [66] and photodynamic [67] therapy have been introduced as ablative techniques for HCC. IRE is a new ablative technique that uses high-voltage, low-energy direct current to create nanopores in the cell membrane by the passage of electrons through adjacent cells. The Nanoknife ® (Angiodynamic, Latham, NY, USA) is commercially available for this purpose. Although the clinical data of IRE in the treatment of HCC are very limited, a recent study reported an 18-month recurrence-free survival for patients with unresectable HCCs treated by IRE [68] .
Advances in Combined Treatment with Tumor Ablation
Combination radiation treatment or TACE with RFA have shown promising clinical results in terms of tumor necrosis and disease-free survival compared with radiation treatment or RFA alone [69, 70] . A recent meta-analysis reported that the combination of RFA and TACE has advantages in improving the overall survival rate for patients with intermediate and large-sized HCCs, compared to RFA monotherapy [71] . These synergistic effects may be due to the decreased blood flow into the target lesions with the additional elimination of adjacent micrometastasis. The recent development of molecular-targeted agents in the treatment for HCC has prompted synergies between locoregional tumor ablation and systemic chemotherapy. RFA combined with sorafenib, a vascular endothelial growth factor (VEGF) and platelet-derived growth factor receptor inhibitor, produces a therapeutic effect that is superior to RFA alone for small (diameter ≤3 cm) HCCs [72] . Sorafenib also decreases the level of hypoxia inducible factor-1α and VEGF A expression, which normally promote the progression of residual tumors after RFA [73] . There are also several new potential molecular target agents (e.g., lenvatinib, tivantinib, etc) for patients with HCC [74, 75] . However, the exact role of these agents in combination treatment with tumor ablation warrants further evaluation, as in the recently completed STORM trial (NCT00692770), which failed to demonstrate an advantage of using sorafenib in preventing recurrence after local ablation or surgical resection. Targeted hyperthermia with RFA in combination with lyso-thermosensitive liposomal doxorubicin has been explored in a randomized controlled trial with the goal of improving effective drug delivery [76] .
Conclusions
Randomized controlled trials in patients with resectable HCCs are problematic because it may be unethical to conduct head-to-head comparisons between tumor ablation and surgical resection. Nonetheless, the available clinical data indicates that recent advances in minimally invasive image-guided tumor ablation have been important in the management of early stage HCC. The full potential of tumor ablation for HCC as a locoregional treatment remains to be established. It is already clear that these therapeutic techniques with their technical advances, provide effective treatment outcomes with fewer complications in patients with various stages of HCC that are otherwise unattainable with other treatment options including TACE, surgical resection, target agent, and radiation therapy alone. Ultimately, customized combinations of other adjuvant treatments with the most appropriate ablation modality should prove important in optimizing clinical outcomes.
